A sodium exchanged smectite clay mineral (Mt) was used as geo-sorbent for the adsorption of tramadol and doxepin: two pharmaceutical products (PPs) defined as emerging pollutants due to their presence at significant concentration in numerous water compartments. The adsorption isotherms for both the temperatures of 20 and 40°C and the derived data determined through the fitting procedure by using Langmuir, Freundlich and Dubinin-Radushkevich equation models explicitly pointed out that the sorption of both tramadol and doxepin is mainly driven by electrostatic interaction. The studied PPs are intercalated in a monolayer arrangement within the interlayer space through a cation exchange in stoichiometric proportion with the Na + cations leading to adsorbed PPs amounts that match the cation exchange capacity (CEC) of Mt. Due to their hydrophobic character, additional doxepin molecules could be adsorbed by weak molecular interaction driving to an increase of the adsorbed amount beyond the CEC at low temperature (20°C). The confinement of PPs within the interlayer space of Mt confirms the use of clay minerals as potential material for the wastewater treatment as well as it drives to an amorphous or glassy state, which can find echo in biopharmaceutical applications for a controlled release of PPs.
Introduction
The massive and frequent consumption of more than 3000 pharmaceutical products (PPs) in modern developed countries causes environmental issues on numerous ecosystems [1] [2] [3] [4] [5] [6] [7] [8] [9] . Indeed, the occurrence of these pharmaceutical active compounds classified as emerging micro-pollutants in several aquatic compartments, were detected at concentrations up to the microgram per liter, through the recent development of analytical methods such as gas chromatography [1, 2, 10] . Addictive and psychoactive drugs, such as tramadol, doxepin and other derivatives as well as illicit drugs (cocaine, heroin) lead to serious issue even at low concentration due to their low degradation, significant side effects (anxiety, dementia, paranoia) and possible addictions to drugs [10] [11] [12] . Tramadol, a central analgesic of which therapeutic action occurs on the morphine receiver as a pain control, is extensively used after surgical operations or chronic diseases whereas Doxepin, a tricyclic antidepressant with a tertiary amine group, is prescribed against depression and anxiety. Despite their restricted uses, tramadol was identified at high concentration (0.2 g.L -1 ) in numerous water compartments due to its chemical stability and low biodegradability as well as to the deficiency of traditional waste treatment.
Adsorption is the most appropriate easy way to remove both inorganic and organic micro-pollutants.
The selected adsorbents must show a large specific surface area and excellent affinity to micropollutants. Among natural materials, activated carbon, clay minerals, zeolites are commonly used for the treatment of water. Activated carbon exhibits excellent adsorption properties for many organic products; nevertheless its use is rather limited due to its expensive cost [7, [13] [14] [15] . Adsorption properties of clay minerals and their organoclay derivatives are known for many years and used in numerous applications as reinforcements in composite materials, geochemical barriers in waste landfills or filters in water treatment plants [16] [17] [18] [19] [20] . These layered materials show non-singular hydration properties with a macroscopic swelling, a cation exchange capacity (CEC) allowing the intercalation of micro-pollutants within the interlayer space. Moreover, these environmental friendly materials are commonly used in the pharmaceutical industry as excipients or active substances [14, 21] .
This study aims to characterize the adsorption of both the tramadol and doxepin and to highlight their affinity with a clay mineral. If clay mineral and activated charcoal in vivo conditions were used as adsorbent for tramadol release systems [21, 22] , no study focuses on the efficiency of the sorbent material for the remediation of both tramadol and doxepin nor the identification of the interactional mechanisms involved between these PPs and clay mineral surface. The selection of these pharmaceutical compounds is justified in regards to their occurrence and concentration for tramadol while doxepin seems to be not retained despite the different wastewater treatment stages [1, 2, 12] .
Thus, in order to emphasize the main interactional processes involved in the adsorption of these PPs onto a clay mineral (a reference sodium exchanged smectite), the sorption study was performed on a wide range of concentration beyond the measured concentration in wastewater and for both the temperatures of 20 and 40°C. In that way, the resulting experimental adsorption isotherms could be properly fitted by standard Langmuir, Freundlich, and Dubinin-Radushkevich equation models allowing one to quantify precisely the affinity of both PPs with clay mineral and to highlight the main driving force for the adsorption, which is rather difficult to obtain if one restricts its adsorption study in low concentration regime (i.e. < 1 g.L -1 ). We assumed our experimental data obtained in high concentration and the determination of the main interactional processes of PPs with clay mineral may be easily adapted in low concentration regime, the opposite may nevertheless not be valid. Beyond the environmental interest, the adsorption of PPs into layered materials generates pharmaceutical composites with a controlled drug release avoiding fluctuations neither any excess in plasmatic levels, which occur frequently through conventional drug release forms. Amorphous PPs forms display preferential pharmacokinetic properties in contrast to thermodynamically stable crystalline PPs [23] . In addition to reduce the PPs concentration for an equivalent therapeutic action and as a result a diminution of their release in the environment, the confinement into the interlayer space of clay minerals may affect both dynamics and structure [21, 24] . The intercalated organic species show a non-singular bulk-like behavior with amorphous structures and a heterogeneous dynamics [25] [26] [27] [28] . The study of adsorption PPs onto clay minerals and their conformation and structure may contribute to a better understanding of the efficiency of the drug release.
Materials and Methods

Clay mineral
Wyoming sodium smectite (Mt), obtained from the Source Clay Minerals Repositery, University of Missouri (Columbia, MO) was used in this study as a starting material. The Mt clay was fractioned to <2 µm by gravity sedimentation, purified and Na exchanged by well-established procedures [29, 30] .The resulting sodium exchanged Mt clay mineral shows a cation exchange capacity (CEC) of 82 meq per 100 g clay in good agreement with previous observations [29, 30] . The measure of the CEC was carried out following a well-known and established procedure [31] . Briefly, a solution of 0.01M Cu(II)triensulphate has been prepared from 1.596 g of copper sulphate and 1.508 g of triethylenetetramine.
100 +/-25 mg of clay sample were added to 25 mL of distilled water and to 8 mL of Cu(II)triensulphate. The solution has been dispersed using tube roller overnight and was further centrifuged (10 minutes at 6000 rpm) to removed 3 mL of the supernatant. Measurement of [Cu 2+ ] was performed using Atomic Absorption Spectroscopy (AAS) with 2-8100 Polarized Zeeman Hitachi instrumentation and colorimetric techniques. The CEC was then calculated with reference to the dry clay weight, to the water content and to the amount of captured Cu 2+ ions deduced from AAS measurements.
Experimental techniques
The concentration of organic carbon in solution was measured using an elemental analyzer (Shimadzu TOC 5050 /SSM 5000-A). Moreover, elemental analyses (Carbon, Nitrogen) on powder form samples were performed by using a Thermo Scientific Flash 2000 organic analyzer.
Fourier transform infrared (FTIR) measurements in the range 650-4000 cm -1 , were recorded using a Thermo Nicolet 6700 FT spectrometer equipped with a Deuterated Triglycine Sulfate (DTGS) detector and a Nicolet Continum microscope. The powder samples were spread over a NaCl window of the microscope. The analyzed sample area was a square of side 100 m chosen under the microscope 15X Infinity Reflechromat objective. The analyses were performed in transmission mode and each spectrum was the average of 256 scans collected at 2 cm -1 resolution.
The d 001 spacing's of the starting Mt clay mineral and after being in contact with organic pollutants were determined by the first 00l reflection from the X-rays patterns which were recorded in a conventional θ-θ Bragg-Brentano configuration by using a Thermo Electron ARL'XTRA diffractometer equipped with a Cu anode (CuK α1,2 = 1.5418 Å) coupled with a Si(Li) solid detector. The diffractograms on dry samples (100°C for 24 hours) were performed between 2 and 64° (2θ) with an angular and time steps of 0.04° and 10s respectively.
Sorption of the micro-emerging pollutants
Doxepin and tramadol, purchased from Sigma-Aldrich Chemical, and assumed to have a purity> 98% were used without any further purification. Both doxepin and tramadol display tertiary amine moiety while showing further structural differences with a tricyclic structure for doxepin conferring a more pronounced hydrophobic character in contrast to tramadol that exhibits an alcohol group (Figure 1 ).
Since tramadol and doxepin have an aqueous solubility better than 10 g.L -1 (hydro chloride form) allowing a study of their adsorption on a wide range of concentration onto clay mineral, batch sorption isotherms were conducted in duplicate using at least 10 initial aqueous concentrations ranging from 20 mg.L -1 to 10 g.L -1 . The prepared aqueous solutions of the organic micro-pollutants were added to Mt clay mineral sorbent contained in 50 mL centrifuge tubes. Samples were shaken on a rotary shaker at 250 rpm for 16h in order to achieve the equilibrium of adsorption determined with preliminary tests, and then centrifuged at 5500 rpm for 30 min. The kinetics of the adsorption (not shown here) followed a similar trend for both PPs. Indeed, the adsorbed PP amount increased as initial PP concentration in solution increased while these values tend to be constant after a very short time. Nevertheless, the increase of the adsorbed PP amount did not evolve proportionally resulting to a competition between the diffusive contribution of the mass transfer process and electrostatic repulsion between PPs molecules.
We assumed that an equilibrium state was reached after 150 to 300 minutes for both PPs as previous authors observed and by performing the adsorption experiments under the same conditions of 16 hours of contact time, we were in the adsorption equilibrium which allowed us to determine the adsorption isotherms which are fundamental for the description of the behavior between adsorbate and adsorbent.
Both supernatants and Mt sorbents after 16 hours contact with the PPs were removed and analyzed through dissolved organic carbon technique and elemental analyzer. The amount of adsorbed organic contaminants was determined through the results obtained from the Flash organic analyzer. Moreover, the analyses of the supernatants of the PPs solutions through dissolved organic carbon allowed us to determine the adsorption isotherms for both tramadol and doxepin emerging micro-pollutants on the clay mineral. Before their XRD and FTIR characterizations, the entire resulting layered composites (Mt-PPs) after adsorption of PPs were dried at 100°C for 48 hours excluding any hydration or adsorption of water of the samples. The effect of temperature through thermogravimetric analysis experiments (not shown) on the stability of the samples was checked and we assumed that in this temperature range, no adsorbed or intercalated organic species were degraded but only water was evaporated or eliminated allowing one to work on dehydrated samples for XRD and FTIR experiments. (a) (b)
Results and Discussion
Adsorption mechanisms of PPs on the geo-adsorbent
The adsorption isotherms stress out the excellent affinity of studied PPs with the swelling clay. Indeed, the adsorption isotherms show two distinct regimes with one displaying a gradual growth of the adsorbed PPs amounts with equilibrium PPs concentration whereas the second one points out a steady (1)
Adsorbed PP Amount (mol.g where is the equilibrium PP amount adsorbed on Mt sorbent (mol.g-1), C e the equilibrium PP concentration in the supernatant (mol.L -1 ), q max the maximum adsorption capacity of the sorbents (mol.g -1 ) and K L is the Langmuir adsorption constant (L.mol -1 ) which is related to the free energy (G°) of adsorption by the relation (2):
The linear Freundlich model equation is written as [32] [33] [34] :
where K F (L.g -1 ) and n are the Freundlich constants indicating the extent of the adsorption and the degree of nonlinearity between PPs and the Mt geosorbent respectively. The linear expression of the DR model used to adjust our experimental data is expressed as:
where corresponds to the Polanyi potential of which relation including C e the equilibrium PP concentration could be found elsewhere. The constant corresponds to the activity coefficient associated to the mean free energy E (kJ.mol -1 ) by the equation (5) [32-34]: This later parameter gives information whether the adsorption mechanism involves a cation exchange or physical adsorption. Indeed, if the magnitude of E is below 8 kJ mol -1 , physisorption is envisaged, while for E>8 kJ mol -1 the adsorption process follows an ion exchange [32] [33] [34] . The whole adsorption parameters derived from and quality of the fitting procedure (r 2 ) are listed in Table 1 mol.g -1 for tramadol and doxepin respectively, which match that of the CEC (8 x 10 -4 mol.g -1 ). Indeed, since PP molecules are positively charged once pH <pKa, the adsorption results to a cation exchange that expelled Na + cations in stoichiometric proportions as the chemical analyses showed. If, in the case of tramadol cation exchange was revealed to be the only vector for the adsorption [21] , for doxepin the scenario involves another binding mechanisms. Indeed, beyond 1CEC where the entire anionic clay (6) mineral sites are supposed to be neutralized, q max for doxepin exceeds 25% more than the CEC, suggesting a second process allowing the adsorption of additional molecules interacting to each other through weak molecular (hydrophobic, Van der Waals) interactions as surfactant molecules show for the preparation of organoclay composite material [16, 18, 19] . Nevertheless, DR model stresses out with E>8 kJ.mol -1 (Table 1) (Table 1) . In contrast to doxepin that exclusively contributes to with R corresponding to the alkyl group) organic cation for a pH<pKa, tramadol exhibits a more complex behavior (due to its double pKa) with its dissociation into both R-Oand ionic species which limits the generation of organic cations and as a result the spontaneity of the adsorption onto the geo-sorbent [21] . If the spontaneity of the adsorption of PPs onto clay mineral may be related to the acidic character (or the ability of the PPs to generate organic cations), the amount of the adsorbed PPs results to the adsorption mechanisms between PPs and the clay surface on one hand, and between PPs molecules on second hand as organoclay preparation occurs [16, 18, 19, 30] .
Indeed, the intercalation of long alkyl tail cationic surfactants such as quaternary ammonium compounds for the preparation of the well-known organoclays takes two steps: (i) a total adsorption through cation exchange until 1CEC; and (ii) the packing of further surfactants due to hydrophobic interaction of the hydrocarbon chains. Here, the tricyclic antidepressant doxepin displays a hydrophobic group allowing the adsorption of additional molecules (about 25% more that of the CEC) through π-π or/and hydrophobic weak molecular interactions.
If the effect of pH and even the chemical context of PPs reasonably could be apprehended, temperature may drive to antagonist situations. Indeed, while temperature increases mobility of organic (i.e. reduction of mean free path) compounds making easier the adsorption or contact with a surface, it also reduces the energy of activation of numerous processes.
Nevertheless, several experimental studies on the adsorption of different kind of pollutants onto clay minerals or soils pointed out an increase of temperature reduces the percentage of adsorption [33, 34] . Here, since the sorption isotherms follow the same trend, temperature appears to play a minor role. However, the Langmuir derived constants with G°=- 16 and 40°C respectively emphasize the better affinity of the PPs to clay surface at low temperature which was also observed by other researchers that employed clay mineral for removal both inorganic and organic pollutants [33, 34] . Temperature favors an adsorption process by increasing a diffusive contribution of the mass transfer process while it reduces electrostatic attractions between PPs and the clay mineral surface. Nevertheless, here the balance between these opposite effects results to a decrease of the driving force with the increase of the temperature.
Structure and conformation of the adsorbed PPs
The resulting adsorption isotherms and derivative parameters obtained through the fitting procedure attest to a cation exchange as the main adsorption process leading with the release of Na + cations to the logical intercalation of PPs within the interlayer space of smectite. If the maximum adsorbed amount that reaches the CEC leaves no doubt of the possible arrangement for tramadol in lateral monolayer [21] , the Doxepin-Mt composite materials require to be characterized by X-Ray diffraction for a clear establishment of the organization of the doxepin within the interlayer space. The insertion of PPs in the interlayer space expands the distance between the layers, giving a d 001 spacing of which evolution follows the same trend as the adsorption isotherms. Below a starting concentration of 1 CEC where a cation exchange is not total, due to the flexibility of the smectite sheets the interbasal distance gradually increases from 9.6 (for dehydrated clay mineral) to 14.5 Å or more (for a monolayer of PP) ( Figure 6 ). In this concentration regime, only part of Na + is exchanged by organic cations (where the adsorption is total) which leads to two possibilities for the configuration of the interlayer space: an interstratified situation with separate organic and inorganic interlayers with only Na + cations or layers where both Na + and PP cations coexist and whose basal spacing is driven by an uniform PP monolayer coverage.
However, here the absence of any 00l reflection corresponding to an inorganic raw smectite ( Figure 5 ) and the existence of only one broad peak which highlights the structure of the Å. This corresponds to an intersheet separation of 6.6 and 9 Å that matches the thickness of both the tramadol and doxepin molecules, which must adopt a lateral monolayer organization between the clay surfaces [21] . Even in the regime where the adsorption isotherms corresponds to n i n ads , the d 001 spacing remains at the same values of 16. as well as their therapeutic actions [37] . The absence of reflection peaks of both tramadol and doxepin indicates that PP cations were mainly intercalated in a monolayer arrangement ( Figure 7 ) within the interlayer space and did not crystallize nor were not aggregated onto the clay surface. Thus, the use of clay mineral prevents anaggregation mechanism or crystallization/nucleation of both tramadol and doxepin, and even for the latterPP molecule at low temperature where additional doxepin molecules can be packed. The confinement of PPs within the internal space onto localized adsorption sites leading to a monolayer organization without any (or few) interaction between PP molecules avoiding in this way any crystallization or aggregation. At such interlayer scale (<2nm), the phyllosilicate layers impose several confinements effects such as finite size effects, and interaction with the surface that may affect both the structure and the dynamics of the intercalated PPs [18] . If X-ray diffraction represents a Indeed, numerous studies showed that confined systems can exhibit dynamical features which are commonly related to the phenomenology of the glass transition in terms of non-Debye character of structural relaxation [25, 28, 38] . Here, the non-aggregation of the PP molecules due to their confinement in localized adsorption sites within the interlayer space blocks the crystallization of PP, which show a tendency to supercooling and metastability [25, 28] . PPs in an amorphous state exhibit greater performances such as a better chemical reactivity and favorable dissolution properties than their crystalline analogous thermodynamically stable [23] . have to be considered in the light of regulatory requirements [23] . Moreover to control the release of the PPs by limiting the amount of PPs for a similar therapeutic action, which was underlined by numerous studies [21, 24] , the concept of drug delivery systems by using clay minerals as host biocompatible materials opens an alternative promising route to prepare amorphous systems with a potential means of considerably enhancing product performance. Figure 9 : FTIR spectra -from bottom to topof Na-Mt, Doxepin-Mt composite materials obtained for a starting PP concentration from 1 to 20 g/L respectively and bulk Doxepin. Spectra were normalized with respect to the Si-O stretching band at 1100 cm -1 .The confirmation of the proper tramadol adsorption onto Na-Mt is highlighted by representative absorption bands attributed to CH bending vibrations (aromatic) at 750-800 cm -1 (dashed lines) which shift to high frequency once confined within the interlayer space. 
Conclusion
Clay minerals show outstanding adsorption properties for numerous organic products. The adsorption success for organic compounds on clay minerals mainly depends on the magnitude of the interactional processes that ensure both cohesion and stability in the resulting layered composite materials. For tramadol and doxepin drugs defined as emerging micro-pollutants due to their presence at significant concentration in numerous water compartments, the adsorption onto a Na-Mt smectite clay mineral is mainly driven by electrostatic interaction through a cation exchange. Thus, PPs are confined within the interlayer space of Na-Mt in a monolayer organization. In addition, the tricyclic antidepressant doxepin PP exhibits a certain ability to interact through weak molecular interaction driving to increase the adsorbed amount beyond the CEC of smectite. Nevertheless, such interactional mechanism is somehow restricted to low temperature and for organic compounds showing a sufficient hydrophobic group. The PPs intercalation in a monolayer arrangement within the interlayer space of a Na exchanged smectite validates the use of clay minerals as potential material for the treatment of water on one hand, and since the confinement in Mt drives to an amorphous form for the intercalated PP as biopharmaceutical applications for a controlled release of PPs on the other hand. Nevertheless, the latter possible application requires further in-vivo experiments for probing its therapeutic efficiency.
